Deformation of the surface of diamagnetic liquid by magnetic field is called the "Moses Effect". Physics and applications of the direct and inverse Moses effects are reviewed.
Introduction
The application of electrical and magnetic fields on interfaces gives rise to numerous physico-chemical events, one of the most important of which is deformation of the liquid/vapor interface [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The phenomena arising from application of electric field to the liquid/vapor interface were studied by outstanding scientists, such as Rayleigh [1] , Chandrasekhar and Fermi [3] and Taylor [6] [7] . One of the most important effects arising from the application of the electric field on the liquid/vapor interface is the formation of the so called Taylor cone [5] [6] [7] [8] . When a liquid is exposed to an electric field, the shape of liquid starts to deform from the shape caused by surface tension alone. As the voltage is increased the effect of the electric field becomes more prominent. As this effect of the electric field begins to exert a similar magnitude of force on the droplet as the surface tension does, a cone shape begins to form with convex sides and a rounded tip. When a threshold voltage has been reached the slightly rounded tip inverts and emits a jet of liquid [10] [11] . When threshold voltage is applied to polymer solution it jets a fiber, thus giving rise to the electro-spinning process, enabling industrial manufacturing of polymer fibers with a diameter of some hundred nanometers [7, 11] .
Quite surprisingly an impact of the magnetic field on the liquid/vapor interface (known also as the "Moses Effect") is less studied and understood. When a field of ca 0.5-10 T is applied on the surface of water it is macroscopically lowered (ℎ ≅ 10 − 10 ) at the field center, relative to the level at the zero field region, as shown in In the presented paper we address the effect of deformation of the liquid/vapor interface by the magnetic field also called the Moses Effect [15] [16] [17] . According to the Exodus account, Moses held out his staff, and the Red Sea was parted by God, thus in our case the magnetic field serves as Moses staff, dividing water. The Moses effect is an essentially macroscopic one. However, we start our review from the microscopic aspect of influence exerted by magnetic field on water.
Impact of magnetic field on water: the microscopic approach.
In spite of the enormous experimental effort spent for the study of effect of the magnetic field on the properties of water, the results reported in the field remain controversial [18] . One of the most obscure phenomena is the effect of the "magnetic memory of water", namely, the long term effect, which presumably persist for hours or days after water treatment with the electromagnetic and/or magnetic fields. Some of researchers try to explain the effect "magnetic memory of water" as an experimental error or something which is not physically possible [18] . It has been reported that preliminary water treatment with magnetic or significantly enhanced the observed effects. It was speculated that the effect of the "magnetic memory of water" is the combination of perturbations of the vapor/ liquid interface and the production of reactive oxygen species [18] . Thus, it was suggested that the effect of the "magnetic memory of water" is at least partially due to the Moses Effect [18] .
It was also reported in ref.
19 that a magnetic field exists for carbonates formed by heating water exposed to static magnetic field of ca ≅ 0.1 . Passing water through a magnetic field subsequently favors formation of aragonite rather than calcite in the experiments reported in ref. 19 , and the influence of the treatment persists for more than two hundred hours. It was also communicated that water molecules tend to form clusters via hydrogen bonds under magnetic treatment [20] . The additional experimental and theoretical efforts definitely are necessary for the clarification of the problem of the "magnetic memory of water" [18] . The macroscopic aspect of the problem will be considered below.
Impact of the magnetic field on the macroscopic properties of water.
Ref. 24 addressed the effect of the magnetic field on macroscopic properties of water.
Purified water was circulated at a constant flow rate in a magnetic field. After this treatment, the properties of water were changed, demonstrating the decrease of surface tension and the increase of viscosity over the treatment time [20] . On contrast, an increase of the surface tension of water exposed to magnetic field was reported in ref. 21 . The effect of the change in surface tension is weak, thus more experiments are definitely desirable. It was also shown recently that magnetic field changed physical properties of water, including specific heat, evaporation amount and the boiling point [22] . It was also reported that evaporation rate of water increased markedly after magnetic field treatment [22] . shown that evaporation rate of water increased under electric field treatment. It was found that the electric field in the direction perpendicular to the water surface enhances the water evaporation, while the electric field in the direction parallel to the water surface impedes the water evaporation [23] . This finding qualitatively agrees with the experimental observation related to electrospinning [7, 11] and is reasonably explained in terms of the water dipole alignment by the electric field [23] . The available today possibility to create strong magnetic fields with permanent magnets ≈ 1 − 10 calls for further experimental investigations which will shed light on the influence of magnetic fields on the magnetic properties of water.
The statics of the Moses effect.
Consider a steady magnetic field (produced say by a Neodymium magnet) applied to the diamagnetic liquid/vapor interface as depicted in Figures 1, 2A . Diamagnetic bodies as it is well known are repelled by steady magnetic fields [15] . Diamagnetism is usually caused by small distortion of the electron orbits within atoms or molecules by the applied magnetic field. Magnetic dipoles are induced that oppose the external field [15] . Macroscopically this results in the formation of the "well" created in the liquid, and depicted in Figure 1 . Let us consider the case of an axisymmetric magnetic field that depends only on the radius (in a horizontal direction): B = B(r). Dependence of the magnetic field on the depth B(z) is neglected. We assume that the well shape is also axisymmetric, with the surface described as z = -h(r), with h(r)→0, r→∞ and h(r) bounded for all r. These conditions imply that the characteristic size of the vessel is assumed to be much larger than the characteristic scale for decay of the magnetic field. Then, to find the shape of the well, we consider the energy balance caused by application of the field. There are three contributions to the energy balance [24] :
-Energy gained due to driving the liquid out of the field due to the diamagnetic force (denoted as ΔEmag);
-Energy loss due to elevation of the liquid in the vessel (denoted as ΔEgr);
-Energy loss due to extension of the liquid surface (denoted as ΔEsurf);
The detailed analysis of the problem of the establishment of exact shape of the well is supplied in ref. Figure 1 . Consider also that eq. 1
does not contain the surface tension of a liquid, deformed by magnetic field due to the latently adopted suggestion that the capillary length is small compared to typical scale of variation of the magnetic field [24] . Actually, the shape of the well is substantially affected by the surface tension of the liquid, and therefore a more accurate expression of eq. 1 should be used, as derived in Ref. 24 . The exact expression, describing the shape of the well is very complicated, and may be established only numerically [24] . However, the experiments carried out with a variety of liquids (water, silicon oil and surfactant solutions) demonstrated that the effect of the magnetic field ≅ 0.35 ) is not negligible [24] . Consider characteristic spatial and temporal times of self-healing the well created by the magnetic field at the liquid/vapor interface (say when the applied magnetic field falls to zero). There exist two main pathways of the self-healing of the well, shown in Figure 1 , namely: inertial and viscous, governed by inertial and viscous forces correspondingly [28] [29] [30] [31] . Let us compare the contributions of the inertial and viscous forces. The process of coalescence is driven by capillarity tending to diminish the surface of a liquid, the viscosity η tends to withstand the coalescence [28] [29] [30] [31] . Thus, the characteristic velocity ca v built from the main physical characteristics of the process should be introduced:
where γ and η are the surface tension and viscosity of the liquid correspondingly. 
where is the density of a liquid; in turn ℎ ≅ 10 − 10 is the experimentally established depth of the well (see Figure 1 ) and the capillarity velocity ca v (given by Eq. 2) are assumed as the characteristic dimension and velocity, correspondingly (consider that the lateral dimension of the "well" (namely R, shown in Figure 1 ) is governed be the lateral dimension of the Neodymium magnet, usually used in the investigation). It is reasonable to anticipate, that viscous coalescence occurs for Re < 1, and inertial coalescence takes place for Re > 1. If we assume that the crossover between the two regimes happens at Re~1 (as it was verified experimentally in Ref. 28 , this yields a characteristic length and time scale (denoted and ) correspondingly beyond which inertia should become important; Obviously, for water there is no hope of observing the viscous regime of self-healing of nearsurface wells, created by magnetic field, and the process of self-healing of these wells is from a practical point of view always inertial [28, 31] . Thus, the idea that the deformation of surface inspired by magnetic fields is responsible for the long lasting effect of "water memory" seems to be unrealistic.
On the other hand for high viscous silicon oils we obtain from eqs. It is reasonable to assume that the characteristic time of viscous self-healing scales as ≅ (see Figure 1) . Adopting ≅ 10 yields ≅ 0.5 . Hence, we conclude that for the viscous liquids (such as highly viscous silicon oils) the effect of "magnetic memory" is observable on the "large" spatial and temporal scales, inherent for viscous self-healing of near-surface wells due to the Moses effect.
Physical phenomena arising from the Moses effect.
The Moses effect was addressed experimentally in ref. 17 . The quantitative experimental research focused on magnetic field effects on the surface profile have been reported for water and copper sulfate aqueous solutions that have very small magnetic susceptibility. When a magnetic field of ca 10 T was applied on a horizontal superconducting magnet, the surface of distilled water was lowered by 39 mm at the field center, relative to the level at the zero field region. In contrast, the surface of a paramagnetic nearly saturated copper sulfate aqueous solution was raised by roughly the same height at the center. This effect was labeled in Ref. 17 as the "reversed (inverse) Moses effect", shown in Figure 2B .
The obtained profiles were interpreted with eq. 1 involving the dia-and paramagnetic volume susceptibility values of distilled water and copper sulfate aqueous solution, respectively. Ref.
32 addressed the change in the interface profile between immiscible nonmagnetic liquids.
The interface profile changed into concave down or up at the field center accordingly to the balance of magnetic susceptibilities between the lower and upper liquids [32] . The interpretation of the experimental results was based on eq. 1 neglecting the impact of the interfacial tension [24] . A flat interface was also demonstrated when the susceptibilities were balanced [24] . It was found that modification of the interface profile was significantly amplified under an applied magnetic field as low as 1 T when the densities of the two liquids were close. It was suggested that the interfacial change induced by the applied magnetic field can be used to remove a boundary, which initially separates two liquids without the field, and to initiate a mixing process or a chemical reaction between the two liquids [32] . Selfassembly of nonmagnetic gold spheres immersed in a 40 mass% MnCl2 solution was addressed in ref. 33 . The authors related the effect of self-assembly to interactions between magnetic dipoles induced in the nonmagnetic spheres and magnetic force derived from field gradient [33] . The capillary (interfacial) interactions between gold spheres, thus, were neglected [33] .
Periodic magnetic field was successfully used to trap polystyrene spheres (20 μm in diameter suspended in a liquid) in a periodic line pattern [34] . Upon drying, the trapped spheres formed the self-organized packing [34] . Ferromagnetic bumps effectively dewetted using the micro-Moses effect, resulting in formation of contact holes on the bumps were reported in Ref. 35 . This idea gave rise to an electrical contact complementary to a flip-chip structure [35] . Magneto-Archimedes levitation in a strong fields, based on the repulsive diamagnetic force from the magnetic field, balancing with the weight of the substance was discussed in Ref. 16 .
It was demonstrated recently that diamagnetic objects (polymer and metallic plates and spheres, ceramic beads, and liquid marbles), floating on water, and a variety of organic diamagnetic liquids (namely: (H2O), Ethanol (C2H5OH), Diiodomethane (CH2I2) and Dichloromethane CH2Cl2)) may be driven by a steady magnetic field as low as 0.1 T, as registered at the liquid-vapor surface [36] . Diamagnetic bodies were attracted to the magnet (as shown in Figure 3 ), when the apparent contact angle as the solid/liquid interface is obtuse and repelled from the magnet, when the angle was acute. Cold plasma-treated polyolefin rafts and spheres, demonstrating underwater floating, were repelled by a permanent magnet [36] .
Addition of a surfactant to the water, as well as cold plasma treatment of the polyolefin bodies, switched the attraction into the repulsion. We conjectured that the observed effects were caused by the interplay of two main phenomena [36] . The first of which is the gravity, which induces sliding of the particle on the deformed liquid/vapor interface, created by the Moses Effect. The second cause is the hysteresis of the contact angle at the bodies' boundary [37] [38] [39] [40] [41] [42] . The interrelation between gravity and interfacial phenomena is addressed in ref. 24 .
The role of the diamagnetic repulsion in the motion of floating diamagnetic bodies was experimentally treated in refs. 24, 36 . It was demonstrated that driving millimetrically scaled, soap and glycerol bubbles floating on a liquid, using a steady magnetic field of ca 0.5 T, is possible [43] . The experiments with bubbles demonstrated that the role of bulk forces such as gravity and diamagnetic repulsion in the displacement of floating diamagnetic objects driven by steady magnetic fields may be negligible [43] . The mathematical model of the process was suggested [24, 43] .
The use of paramagnetic HoCl3 solutions for controlled magnetically driven displacement of droplets and liquid marbles [38, 9, [44] [45] [46] [47] [48] [49] [50] [51] exploiting the "inverse Moses effect" [25] was reported recently [52] . It should be emphasized that exploiting "the Moses effect" and the inverse (reverse) Moses effect enables excluding ferromagnetic particles, usually used for magnetic manipulation of liquids [53] [54] [55] [56] [57] [58] [59] [60] [61] 
Conclusions
Application of magnetic field on liquids leads to numerous bulk and surface phenomena [1] [2] [3] [4] [5] [6] [7] [8] , one of which is the deformation of the diamagnetic liquid/vapor interface by magnetic field, called also as the "Moses Effect" [16] [17] 32] . The rapid progress in the development of Neodymium magnets, supplying magnetic fields as high as ca 1T, allows simple and inexpensive experiments related to the Moses effect and its visualization [25] [26] [27] .
Applications of the magnetic fields at the order of magnitude of 0.5-1 T results if the formation of the near-surface "well" with a depth of dozens of micrometers. Application of magnetic field to paramagnetic liquids creates liquid bulges, and it is called the "inverse
Moses Effect" [16, 25] . It is usually latently suggested that the shape of the well arises from the interplay of magnetic force and gravity. Recent experiments performed with organic liquids and solutions of surfactants demonstrated that the surface tension of liquids is also essential for the formation of near-surface dips, resulting from the application of magnetic fields [24] . Impact of the magnetic field on the macroscopic properties of liquids (surface tension and evaporation rate) is reviewed. Dynamics of self-healing of the surface deformations due to the Moses effect is addressed. Application of magnetic fields ( ≅ 0.5 ) on diamagnetic liquid/vapor interfaces enables driving of floating diamagnetic bodies and soap bubbles [36, 43] . 
